Ultraslow spreading at mid-ocean ridges limits melting due to on-axis conductive cooling, leading to the prediction that peridotites from these ridges are relatively fertile. To test this, we examined abyssal peridotites from the Gakkel Ridge, the slowest spreading ridge in the global ocean ridge system. Major and trace element concentrations in pyroxene and olivine minerals are reported for 14 dredged abyssal peridotite samples from the Sparsely Magmatic (SMZ) and Eastern Volcanic (EVZ) Zones. We observe large compositional variations among peridotites from the same dredge and among dredges in close proximity to each other. Modeling of lherzolite trace element compositions indicates varying degrees of non-modal fractional mantle melting, whereas most harzburgite samples require open-system melting involving interaction with a percolating melt. All peridotite chemistry suggests significant melting that would generate a thick crust, which is inconsistent with geophysical observations at Gakkel Ridge. The refractory harzburgites and thin overlying oceanic crust are best explained by low present-day melting of a previously melted heterogeneous mantle. Observed peridotite compositional variations and evidence for melt infiltration demonstrates that fertile mantle components are present and co-existing with infertile mantle components. Melt generated in the Gakkel mantle becomes trapped on short length-scales, which produces selective enrichments in very incompatible rare earth elements. Melt migration and extraction may be significantly controlled by the thick lithosphere induced by cooling at such slow spreading rates. We propose the heterogeneous mantle that exists beneath Gakkel Ridge is the consequence of ancient melting, combined with subsequent melt percolation and entrapment.
INTRODUCTION
Oceanic crust typically has a thickness of $6 km, consisting of basalt and gabbro, which is generated by adiabatic decompression melting beneath spreading ridges (e.g., Reid and Jackson, 1981; Chen, 1992; White et al., 1992) . However, the crust is much thinner at ultraslow (<20 mm/yr) spreading ridges because of the relative importance of conductive cooling (Reid and Jackson, 1981; Cannat, 1996; White et al., 2001; Dick et al., 2003) . Gakkel Ridge (Fig. 1) is the slowest spreading ridge in the world, with a full spreading rate ranging from 13 mm/yr near Greenland to 6 mm/yr at its terminus in the Arctic Ocean (Vogt et al., 1979; Coakley and Cochran, 1998) . Ridge morphology is controlled by localized volcanic centers separated by amagmatic segments (Snow et al., 2002; Dick et al., 2003) . Overall, Gakkel Ridge features a deeper axial valley, thicker lithosphere and decreased total volume of crust relative to faster spreading ridges (Michael et al., Jokat et al., 2003; Dick et al., 2004; Montési and Behn, 2007) .
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Studies of Gakkel mid-ocean ridge basalts (MORB) indicate low magma supply and a highly heterogeneous source mantle. Mü he et al. (1991 Mü he et al. ( , 1993 Mü he et al. ( , 1997 and Gale et al. (2013) published major and trace element concentration data characterizing Gakkel basalts in the context of the global MORB database. Fe and Na contents in Gakkel basalt shows extent of melting is low and suggests a low mantle temperature . Isotopic work on Gakkel basalts provide evidence for isotopically enriched and depleted mantle regions, suggesting that compositional heterogeneity exists beneath the ridge (Mü he et al., 1991; Mü he et al., 1993; Mü he et al., 1997; Soffer et al., 2004; Goldstein et al., 2008; Salters et al., 2012) . Recent results from a U-series study demonstrate that Gakkel basalts represent the end-member product of a short melting column with shallow melt-rock reaction and subsequent melt segregation (Elkins et al., 2013) . Overall, previous studies have focused on the isotopic composition of Gakkel basalts, without directly estimating the degree of mantle melting associated with variations in crustal thickness along the ridge.
Previous work on Gakkel Ridge abyssal peridotites indicate higher degrees of melting than what is expected at an ultraslow spreading ridge. Cr-spinel Brackets indicate boundaries between the three magmato-tectonic domains of Michael et al. (2003) . Area in red box is shown in detail in C. (C) Shipboard high-resolution multi-beam bathymetry data overlain on satellite altimetry data (created in GeoMapApp; Ryan et al., 2009) . Dredged peridotites are marked with a diamond, with samples analyzed in this study shown as green diamonds (lherzolites) and blue diamonds (harzburgites). Locations of dredge sites are marked with a ''D". Dredge numbers less than 200 refer to samples collected on the Healy (cruise HLY0102) and dredge numbers greater than 200 refer to samples collected on the Polarstern (cruise PS59). Dredged basalts are marked with a grey circle. Full spreading rates (mm/yr) are shown in italics and decrease along the ridge (Coakley and Cochran, 1998) .
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
Gakkel abyssal peridotites imply $9% melting (Hellebrand et al., 2002a) , which should yield a thicker crust (5.4 km) than observed (1-4 km; Coakley and Cochran, 1998; Jokat et al., 2003) . The discrepancy between observed and predicted crustal thickness is suggested to result from local mantle heterogeneity due to melt focusing (Hellebrand et al., 2002a ). An alternative hypothesis is that the mantle depletion is due to previous melting events (Snow et al., 2002) . Supporting evidence is provided by unradiogenic 187 Os/ 188 Os ratios in Gakkel peridotites, which indicate partial melting events with ages up to 2 Ga (Liu et al., 2008) . Ancient Os model ages also correspond to Hf isotopic depletions in Gakkel pyroxenes, which probably reflects the same previous melting event (Stracke et al., 2011) . Interpretations presented in these isotopic studies are based on two dredged Gakkel localities (D70 and D238) within the Eastern Volcanic Zone (Fig. 1B and C) . Our study builds on this previous work by extending the available abyssal peridotite data and ridge coverage.
This study presents major and trace element data for 14 abyssal peridotites recovered from 8 dredge locations covering 700 km along the Gakkel Ridge (Fig. 1C) . These samples encompass the full range of trace element compositions typically observed in abyssal peridotites (e.g., Johnson et al., 1990) . Peridotite compositions are used to quantify the extent of melting and to characterize the composition of the mantle beneath Gakkel Ridge. In order to reconcile the origin of samples with high degrees of melt depletion with the observed thin basalt crust, we reach the conclusion that the mantle beneath Gakkel Ridge is a result of ancient melt depletion, subsequent refertilization, incomplete melt extraction and partial melting of a mineralogically heterogeneous source.
GEOLOGICAL BACKGROUND AND SAMPLE DESCRIPTION
The Gakkel Ridge is a divergent plate boundary in the Arctic that separates the North American and Eurasian plates (Fig. 1A) . It extends for 1800 km, from the Lena Trough in the south to its terminus near the Siberian continental shelf. Spreading rate systematically decreases along the Gakkel Ridge as it approaches the North America-Eurasia pole of rotation, with the terminus of the Gakkel Ridge marked by the disappearance of a distinct plate boundary (Coakley and Cochran, 1998) . Correspondingly, the full spreading rate ranges from 13 mm/yr near Greenland to 6 mm/yr (Coakley and Cochran, 1998) . In comparison to other major ridge systems, Gakkel Ridge is exceptional due to its proximity to continents on all sides (Fig. 1A ) and its lack of fracture zones (Cochran et al., 2003) .
In the summer of 2001, the international Arctic MidOcean Ridge Expedition (AMORE) conducted a detailed mapping, seismic, and sampling survey of the Gakkel Ridge Jokat et al., 2003) . Samples in this study with dredge numbers less than 200 were collected by the USCGC Healy (cruise HLY0102) and samples from dredge numbers greater than 200 were collected by the RV Polarstern (cruise PS59) as part of the AMORE expedition (Fig. 1C) . Based on bathymetric data and dredge results, Michael et al. (2003) divided the Gakkel Ridge into three tectonic segments from west to east: the Western Volcanic Zone (WVZ), the Sparsely Magmatic Zone (SMZ) and the Eastern Volcanic Zone (EVZ) (Fig. 1B) . Magmatic activity in the two volcanic zones is greater than expected, with basalts forming 80-90% of dredged material from these zones. In contrast, the SMZ yielded $50% peridotite, with the change from magmatic to amagmatic conditions at the transition from the WVZ to the SMZ being suggested to result from a drop in spreading rate .
Geophysical observations constrain the thickness of oceanic crust, which is important for determining variations in mantle melt production along the ridge. Gravity models of Gakkel Ridge suggest an average crustal thickness of 3 km (Coakley and Cochran, 1998; Weigelt and Jokat, 2001) . Seismic data from the AMORE cruise indicate that oceanic crustal thickness along the SMZ is 1.4-2 km and 2.2-3.3 km along both the EVZ and WVZ (Jokat and Schmidt-Aursch, 2007) . The thin crust observed at Gakkel Ridge is interpreted as evidence for overall reduced melt production (Jackson et al., 1982; Jokat et al., 2003) , supporting theoretical models that predict thin oceanic crust at ridges spreading <20 mm/yr (Reid and Jackson, 1981; Bown and White, 1994; White et al., 2001; Sleep and Warren, 2014) .
METHODS
In total, 14 samples were analyzed, of which 8 are harzburgites and 6 are lherzolites. Sample dredge locations, lithology and modal mineralogy are presented in Table 1 . Thin sections used for modal analyses were all large sized (75 Â 50 mm), except for two samples that were standard sized (26 Â 46 mm) because not enough material was available. Modal analysis and petrographic observations of thin sections were conducted on a Leica DM2500 petrographic microscope using 0.4 mm (small thin sections) or 1 mm spacing (large thin sections) for point counting.
Major element compositions of pyroxene and olivine minerals (Table 2) were determined by Electron Microprobe Analysis (EMPA) at the United States Geological Survey in Menlo Park, using a JEOL 8900 equipped with five wavelength dispersive spectrometers. Analyses were performed with either a 10 lm (pyroxene) or a 1 lm (olivine) beam at 15 kV accelerating potential and a current of 15 nA. Peak counting intervals were 10 s for Na, and 30 s for all other elements. For olivine (Table 2a) , average major element concentrations were calculated from six individual point analyses. Pyroxene minerals (Tables 2b and 2c) were analyzed by ten point core-to-rim transects to average out the effects of exsolution. In addition, grains with altered lamellae were either avoided or individual points affected by alteration were discarded during post-processing due to poor totals. Major element compositions of the spinels (Table 2d) were analyzed at Stanford University using a JEOL JXA-8230 SuperProbe. Spinel Mn data were calculated without a Cr-k-b interference correction, as we did not observe a peak overlap with Mn due to the high quality detectors of the SuperProbe. SiO 2 was measured in spinel, but was below detection for all samples. All data in Table 2 are the average of at least five points. An individual analysis was excluded from the final average if the calculated oxide weight percent total deviated by more than >1.5 wt.% from 100 wt.%. For the data that remained, cation totals for olivine deviated from perfect totals by 0.3% to 0.6%, for pyroxenes by 0.05% to 1%, and for spinel by 0.1% to 0.2%. In situ trace element concentrations of peridotite minerals (Table 3) and olivine (Table 3c) were analyzed using either polished mounts of these minerals in indium or 150 lm thick polished sections. Analyses were performed with a Thermo Scientific Element XR (eXtended Range) high resolution ICPMS. The ICPMS was coupled to a laser ablation system consisting of a Geolas (Microlas) automated platform with a 193 nm Excimer Compex 102 laser from LambdaPhysik. Ablation analyses were performed using an in-house modified 30 cm 3 ablation cell with a helium atmosphere to enhance sensitivity and reduce inter-element fractionation (Gü nther and Heinrich, 1999) . Helium gas and ablated sample material were mixed with argon gas before entering the plasma. Trace elements analyzed were: rare earth elements (REEs), Ba, Ni, Cr, Lu, Nb, Rb, Sr, Ta, Y, Zr, and Hf. Data were collected in time resolved acquisition mode, with the background signal collected for 2 min followed by 1 min. of sample ablation. The laser energy density was set to 10 J cm À2 at a frequency of 8 Hz. For data collection, we optically selected grains based on the largest and freshest available in the sample. Beam size was either 102 lm or 122 lm, except for two samples (PS59-235-17 and HLY0102-40-81) where a beam size of 163 lm was used for olivine. The ablation spot size was chosen to give the highest possible signal while avoiding hitting fractures or serpentine in the mineral. As perfect grains were not always present, we checked every analysis on each grain after analysis to determine if the spot incorporated any alteration. During data reduction, the ICPMS signal was filtered for spikes on an element-by-element basis. Some low concentration elements had more spikes and for these it was not always possible to filter out all spikes. We assessed the possibility that these spikes could be due to alteration phases that contain higher fluid mobile element concentrations. We relied on the observation that relatively abundant fluid mobile elements, such as Sr, should also show high concentrations in alteration phases and we used this element to guide our spike removal for other elements.
Data were reduced with the GLITTER software package (Van Achterberg et al., 2001) , using the linear fit to ratio method. Internal standardization relative to EMPA data was done using 29 Si for olivine and orthopyroxene and 43 Ca for Cpx. For Opx, we observed a slight difference between trace element values normalized to Si versus Ca, which is not significant when plotted on log scale trace element diagrams. However, temperatures calculated using the two-pyroxene REE thermometer (Liang et al., 2013) are highly sensitive to the normalizing reference element for Opx, but not for Cpx, due to the lower concentration of Ca in the former.
The data reported in Table 3 are calculated averages for up to 5 spots per sample, made over 1-3 grains of a phase. Values that were within 1r of the detection limit were excluded during data reduction. Detection limits depended on the day-to-day tuning of the ICPMS, laser spot size, and element being analyzed. For analyses with a 122 lm spot size, detection limits were <4 ppb for all elements (Table 3c ). Elements were also considered below detection and filtered out of the dataset if the calculated average for multiple spots had a standard deviation that was larger than the average value. Instrument sensitivity due to analytical conditions was determined from the average across all days of repeat measurements of the synthetic NIST 612 glass (Pearce et al., 1997) , with a spot size of 122 lm and normalized to 43 Ca. Sensitivities were 800 cps/ppm for Ni, >57,000 cps/ppm for Sr, $5500 cps/ppm for Ba, Nd, Sm, Gd, Dy, Er, Yb, Hf and $27,000 cps/ppm for all other elements. Precision, as constrained by reproducibility of 34 analyses of reference basalt BIR 1-G (Appendix A), varied from 5% to 14%, depending on the element and the spot size, compared to GEOREM accepted values from (Jochum et al., 2005) .
RESULTS

Sample petrography
The peridotites in this study are classified as harzburgite or lherzolite based on their mineral modes (Table 1) . Most harzburgites are essentially devoid of Cpx and were collected near 15°E in the SMZ (Fig. 1C) . The lherzolites were collected in the EVZ as well as near 0°E in the SMZ. Samples exhibit variable alteration textures (Fig. 2) , with the extent of serpentinization ranging from <2% up to 75%. Primary minerals of all phases are preserved despite Error is the standard deviation of the averaged analyses. If only one measurement was made, the error is 1 sigma, based on counting statistics. Empty cells are below detection limit. Detection limit reported from 122 spot size, normalized to Ca.
alteration, except for samples HLY0102-92-36 and PS59-317-6, where serpentine replaced most olivine and could not be analyzed. Grains are generally subhedral to anhedral. Harzburgites from two dredges (D40 and D235) have the lowest degrees of alteration and preserve coarse porphyroclastic fabrics ( Fig. 2A) . In more altered samples, olivine are preserved as small relict grains surrounded by meshtextured serpentine (Fig. 2B ). Coarse-grained Cpx are irregularly shaped, commonly with exsolution lamellae of Opx that are partially altered (Fig. 2C ). Brown, anhedral spinel grains occur within silicate minerals and at grain boundaries ( Fig. 2D ). All samples lack magmatic veins and plagioclase was not identified in the samples in this study, though it has been found in other peridotites from some of these dredges (von der Handt et al., 2003; von der Handt, 2008) . Vermicular symplectic intergrowths of pyroxene and spinel are observed in sample HLY0102-92-36 ( Fig. 2E and F), but in none of the other samples.
Major and trace element geochemistry
Mineral major element compositions range in olivine forsterite content from 90 to 92 and pyroxene Mg number (Mg# = Mg/(Mg + Fe) * 100) from 90 to 94, within the range of other abyssal peridotites (Dick, 1989; Johnson et al., 1990) . Opx are near end-member enstatite and Cpx are Cr-rich diopsides (Cr 2 O 3 $1-4%). Spinel Cr numbers (Cr# = Cr/(Cr + Al) * 100) range from 14 to 56, while spinel Mg# ranges from 61 to 75 (Fig. 3A) . Gakkel Ridge spinel compositions encompass a large range, similar to the range observed for the entire Mid-Atlantic Ridge (MAR), while a subset of harzburgites are as depleted as harzburgites from the fast spreading East Pacific Rise (EPR), based on comparison to the data compilation in Warren (submitted). Bulk rock Al 2 O 3 (based on data from Craddock et al., 2013) correlates with spinel Cr# and also indicates a large compositional range (Fig. 3B ), in agreement with previous studies (Hellebrand et al., 2005; Liu et al., 2008) . Mineral trace element concentrations are reported in Table 3 and compared to previous Gakkel pyroxene peridotite compositions (Hellebrand et al., 2005) in Fig. 4 .
Lherzolites have typical Cpx REE patterns ( Fig. 4A ) with similar heavy REE (HREE) concentrations (e.g., (Dy/Yb) N = 1.0 À 1.1), and variable depletions in light REE (LREE) (e.g., (La/Yb) N = 0.001 À 0.04). Cpx could not be analyzed in 5 of the 8 harzburgites due to low modal abundance and grain size. Of the three harzburgites in which Cpx was analyzed, Cpx in PS59-246-01 is similar to the lherzolites, while Cpx in HLY0102-317-6 is highly depleted in LREE ((La/Yb) N = 0.001) and moderately depleted in HREE ((Dy/Yb) N = 0.285). In contrast, Cpx from the third harzburgite, PS59-201-39, has a concavedown REE pattern ((Dy/Yb) N = 0.12) with highly enriched LREE ((La/Yb) N = 1.34) (Fig. 5) . Hellebrand et al. (2005) Fig. 5 ). Opx compositions (Fig. 4B ) cover a wider range than previously reported for Gakkel peridotites (Hellebrand et al., 2005) 
DISCUSSION
Gakkel abyssal peridotites encompass a wider compositional range than previously observed (Hellebrand et al., 2005) , as demonstrated by 1-2 orders of magnitude variation in mineral trace element concentrations (Fig. 4-6) . The small spatial length-scale of observed geochemical variability cannot result only from variations in degree of melting of a uniform upper mantle, as this would require thermal anomalies at unreasonably small (i.e., sub-dredge) lengthscales. We hypothesize instead that the variability reflects a combination of recent ridge processes and pre-existing heterogeneities, in agreement with other studies that show evidence for previous melting event(s) (Snow et al., 2002; Dick et al., 2004; Liu et al., 2008; Stracke et al., 2011) . To test this hypothesis, peridotite trace element compositions are used below to evaluate the extent of melting and resulting crustal thickness. We also use our extensive set of trace element data for pyroxenes and olivine to calculate temperatures and partition coefficients (D).
Geothermometry
A variety of thermometers are available for mantle samples, traditionally using major element mineral data (Wells, 1977; Brey and Kö hler, 1990; Witt-Eickschen and Seck, 1991; Taylor, 1998; MacGregor, 2015) . Some of these major element thermometers are based upon pyroxene equilibrium, but are calibrated for the garnet stability field (e.g. Brey and Kö hler, 1990) . Results from different major element thermometers are often inconsistent and yield systematically low temperatures for abyssal peridotite samples. A recently published ultramafic thermometer uses the REE composition of coexisting Cpx and Opx minerals to calculate equilibrium temperatures (T REE ; Liang et al., 2013) . T REE is thought to better reflect near-magmatic temperatures, as T REE temperatures are usually higher than those calculated using major element thermometers (Dygert and Liang, 2015) .
To apply this thermometer to our samples, we used the Excel calculator provided as supplemental material by Liang et al. (2013) and ran the calculation using all measured REE concentrations and the robust linear least squares regression. This yields closure temperatures of 1151-1273°C in Gakkel harzburgites and 1052-1421°C in the lherzolites (Table 4) . We also calculated temperatures using the major element two-pyroxene thermometer (T BKN ; Brey and Kö hler, 1990) at an assumed pressure of 1.5 GPa and the Ca-in-orthopyroxene thermometer (Brey and Kö hler, 1990) as most of our harzburgites do not contain Cpx (Table 4) .
In general, T REE for the Gakkel peridotites is $80°C to $300°C higher than temperatures derived from the major element pyroxene thermometers (Fig. 7) . Other applications of the REE-based thermometer to peridotites (Liang et al., 2013; Dygert and Liang, 2015) also show systematic offsets from major element thermometers. The higher temperatures recorded by T REE are thought to be due to the difference in closure temperature between the trivalent and divalent cations in pyroxenes (Liang et al., 2013) . A subset of Gakkel and SWIR samples are offset to even higher T REE (>1350°C) and show the largest temperature difference compared to T BKN . One suggestion for the abnormally high temperatures (>1350°C) is that these samples have undergone melt-rock interaction, as noted in Liang et al. (2013) . In agreement with this suggestion, sample PS59-201-39 (white circle in Fig. 7 ) has a unique shaped trace element pattern with the highest LREE enrichment, T REE of 1264°C, and the largest difference from T BKN of all Gakkel samples (379°C). However, T REE in sample PS59-238-75 is 1421°C, which is 328°C higher than T BKN , but displays no obvious signs of melt infiltration. We are not sure of the reason for the high T REE , as the REE data show a good fit to the inversion line used to define the temperature.
We also observe that two samples from dredge 235 plot to the right of the 1:1 line (Fig. 7) , due to T BKN values that are higher than T REE . Previous observations of this dredge have found that many peridotites are plagioclase-bearing, indicating late-stage melt-infiltration (von der Handt et al., 2003; von der Handt, 2008) . All samples from the dredge, which is extremely fresh, yield similar T REE ranging from 1050°C to 1160°C. The higher T BKN temperatures may reflect the resetting of the major element closure temperatures by a melt, while T REE was more variably affected by shallow melt addition due to higher closure temperature of REE. Therefore, the timing, temperature and depth of the infiltrating melt have significant effect on recorded T REE in abyssal peridotite. Dygert and Liang (2015) used closure temperature models to show that peridotites from different tectonic settings record different cooling rates. Gakkel abyssal peridotites from this study reveal higher T REE and faster cooling rates than those estimated for ophiolites (Fig. 7) , further supporting the observation of Dygert and Liang (2015) that abyssal peridotites have a relatively rapid cooling rate. The Gakkel samples with the highest relative cooling rates (PS59-317-6 and PS59-238-75) are also the most altered samples in this study, which agrees with the suggestion of Dygert and Liang (2015) that hydrothermal circulation may explain the more rapid cooling of some abyssal peridotites relative to other tectonic settings.
Partitioning of LILE and HFSE
High quality data for most large ion lithophile elements (LILE, including Rb, Ba, and Sr) and high field strength elements (HFSE: including Zn, Hf, Ta, and Nb) in peridotite mineral phases is sparse due to their low concentrations. These sets of elements are useful because they are incompatible during melting, but during later processes the LILE are fluid-mobile, whereas HFSE are relatively immobile. In Fig. 8 , we compare results from our study to abyssal peridotites from the Southwest Indian Ridge (SWIR; Warren et al., 2009; Seyler et al., 2011; our unpublished data) elements across all datasets range from 10 À4 to 10 2 ppm in pyroxenes and olivine (Fig. 8) . Apart from Nb, the LILE and HFSE do not display distinct differences by location, though the Josephine Peridotite has a slightly narrower (e.g., Zr) or wider (e.g., Rb) concentration range in some cases. For Nb, concentrations in the Josephine Peridotite tend to be higher and span a narrower range than for abyssal peridotites.
Partition coefficients provide crucial constraints for trace element modeling of mantle melting and crustal growth processes. However, very little experimental data exists for mineral/mineral partitioning among the three mineral phases in peridotite. Here we calculate partition coefficients (D Cpx/Opx , D Cpx/Ol , and D Opx/Ol ) for LILE and HFSE for each of our samples (Fig. 9 ) and report the average of available data for natural samples (Table 5 ). The data for natural samples in Fig. 9 are compared to calculated mineral-mineral partition coefficients based on experimental mineral-melt partition coefficients from the compilation by Kelemen et al. (2003) .
Partition coefficients calculated from the natural peridotite samples provide improved constraints on LILE and HSFE partitioning, especially for olivine. For example, the elements Nb, Zr and Hf have average partition coefficients from natural samples that overlap the partition coefficient values derived from experiments. However, D Cpx/Ol and D Opx/Ol are slightly lower in experiments, which suggests that olivine concentration data was over-estimated. Ba has noticeable differences between the previous experimental estimates and values based on natural samples, suggesting that concentrations in olivine and -to a lesser extent -orthopyroxene were previously over-estimated. Calculated partition coefficients for Nb closely match those derived from experiments.
Our partition coefficients also show good agreement among elements that are thought to behave coherently, but for which experimental data have been lacking. For example, Table 5 
Degree of melting and amount of crust generated
The geochemical data for our abyssal peridotites indicate different extents of mantle melting among samples from individual dredges and between dredges. The low spinel Cr# of Gakkel lherzolites implies low degrees of melting, in contrast to the significantly higher spinel Cr# of some harzburgites (Fig. 3) . A quantitative estimate of degree of melting for each sample can be obtained by modeling peridotite REE compositions. For this modeling, we used fractional non-modal melting equations (Shaw, 1970; Zou, 1998) with melting reaction modes from Kinzler (1997) and mineral/melt partition coefficients compiled by Kelemen et al. (2003) . The composition of the depleted MORB mantle (DMM; Workman and Hart, 2005) (2002) and Liu et al. (2008) . Whole rock data for samples in this study are from Craddock et al. (2013) . The star indicates depleted MORB mantle (DMM) from Workman and Hart (2005) . The compilation of global peridotite spinel Cr# and whole rock Al 2 O 3 data are from Warren (submitted).
used as an initial composition. DMM is a hypothetical composition for the depleted upper mantle, derived from the composition of global MORB.
For the modeling, bulk rock compositions were reconstructed using mineral modes and compositions (Fig. 10) .
For each sample, Cpx and Opx trace element data were used to calculate the bulk rock composition based on the equation:
M Ol * C Opx (D Ol/Opx ) + M Opx * C Opx + M Cpx * C Cpx , where M is mode and C is concentration. For five harzburgites, Cpx was not analyzed because it was too small or not present. For these samples, Cpx was excluded from the calculation as it makes a negligible contribution to the bulk rock trace element budget. Olivine trace element concentrations were calculated by determining D Ol/Opx using the relevant mineral-melt partition coefficients from the compilation by Kelemen et al. (2003) . Spinel was excluded from the calculation because it has negligible trace element concentrations and occurs at very low modes. The reconstructed bulk rock compositions are reported in Appendix B.
Results from modeling Gakkel lherzolite REE concentrations implies that they have undergone 4-6% fractional melting (Fig. 10A) . Harzburgite HREE can be fit by 6 to !13% melting, but this results in modeled LREE contents that are too low relative to observed concentrations (Fig. 10B) . Previous studies have documented LREE enriched patterns in harzburgites from the Mid-Atlantic, Central Indian and Southwest Indian Ridges (Hellebrand et al., 2002b; Brunelli et al., 2006; Godard et al., 2008; Brunelli et al., 2014) . These studies have interpreted LREE enrichments as the result of migrating melts that intrude and interact with the residue. Our results confirm that this process also occurs at Gakkel Ridge; the effect of percolating melts is discussed below in Section 5.5.
The geochemical estimate for degree of melting can be used to estimate the amount of crust produced at the ridge. Globally, MORB chemistry suggests 10% mantle melting, which corresponds to 6 km thick crust from a melting column of 40 km height (Forsyth, 1993) . However, the ultraslow spreading rate of the Gakkel Ridge means that conductive cooling of the lithosphere terminates decompression melting at greater depth than faster ridges, causing (Anders and Grevesse, 1989) . Data above the dotdashed line are enriched relative to DMM (Workman and Hart, 2005) , while data below the line are depleted. The grey field represents previous measurements of Gakkel peridotite pyroxenes (Hellebrand et al., 2005) . Gaps in the REE patterns correspond to elements that were below the detection limit during a given analysis. lower overall extents of melting and deeper crystallization (Reid and Jackson, 1981; Cannat, 1996; Dick et al., 2003) . To estimate crustal thickness at Gakkel, we used equation 12 of Forsyth (1993) , which assumes that melting occurs over a discrete depth range. The depth at which volumetrically significant melting begins is assumed to be the dry solidus at 65 km (Shen and Forsyth, 1995) . Melting is estimated to terminate at 30 km depth based on the parameterization of Montési and Behn (2007) for lithospheric thickness at ultraslow ridges. The amount of crust generated is estimated based on our modeled degrees of nonmodal fractional melting (Fig. 10) .
The average extent of Gakkel lherzolite melting ($5%) would produce $6 km of crust using the Forsyth parameterization, which is the crustal thickness typical for most mid-ocean ridges. This implies that a fertile Gakkel mantle is not limited by conductive cooling, producing the same amount of crust as ridges spreading at faster rates. Harzburgite samples with HREE concentrations corresponding to 6 to !13% fractional melting are equivalent to 7 to !14 km of crust. In addition, the significant modal variation among Gakkel peridotites implies large variations in crustal thickness at <10 km length-scales. Table 4 Temperature estimates from pyroxene thermometers.
HLY102- 40-18  ---1108  HLY102-40-56  --854  1124  HLY102-40-79  ---1195  HLY102-40-81  ---1180  HLY102-70-75  ---1228  PS59-201-39  1264  42  885  1246  PS59-201-40  ---1178  PS59-235-01  1052  46  1182  1274  PS59-235-17  1163  42  1033  1203  PS59-235-18  1145  72  1317 T (REE) is after Liang et al. 2013 , T (BKN) and T (Ca-in-Opx) are after Brey and Kohler (1990) . Samples that do not have temperatures for T (REE) or T (BKN) are due to the fact that both Cpx and Opx were not collected in major and trace element analysis. The thick crust estimated based on Gakkel peridotite geochemistry is inconsistent with the on-axis thin crust observed seismically at Gakkel Ridge (Jokat et al., 2003) . As a caveat, crust produced from the peridotites currently on-axis corresponds to crust that is now some distance off-axis. As estimates of off-axis crustal thicknesses are unavailable, we are assuming that crustal production has not significantly changed. Seismic measurements indicate oceanic crust in the Gakkel volcanic zones (WVZ and EVZ) is 1.4-3.3 km thick, with a maximum crustal thickness of 4.9 km above a volcanically active structure in the WVZ (Jokat and Schmidt-Aursch, 2007) . The trace element composition of the most fertile Gakkel lherzolite, which corresponds to the lowest modeled amount of melting (4%), would produce 4.3 km of crust, consistent with the upper end of geophysical measurements. However, the higher degrees of melting suggested by depleted lherzolite and harzburgite compositions would produce >4.9 km of crust. In fact, Gakkel harzburgite samples with the highest degrees of implied melting (>13%) and greatest amount of predicted crust were collected where the thinnest crust (1.4-2 km) is observed, in the SMZ. The geophysical observation of crustal thickness is at least six times lower than what is predicted by harzburgite trace element geochemistry.
Mantle that has undergone previous melting event(s) can explain the discrepancy implied by refractory Gakkel harzburgites in regions of thin crust. Past events involving significant extraction of basaltic melt would produce an infertile mantle at Gakkel Ridge, preventing the generation of large amounts of crust. Modeling by Byerly and Lassiter (2014) indicates that peridotites with bulk Al 2 O 3 <1 wt% produce very small amounts of melt during adiabatic decompression melting. Bulk rock major element data are available for 3 of our 6 refractory harzburgites and all 3 have <1 wt.% Al 2 O 3 (Fig. 3 , based on data from Craddock et al., 2013) .
Evidence from the Re-Os study of Liu et al. (2008) provides additional evidence for an ancient depletion event in the mantle beneath Gakkel. Liu et al. (2008) documented unradiogenic 187 Os/ 188 Os ratios in bulk Gakkel peridotites, with model ages ranging from 50 Ma to 2 Ga. The occurrence of unradiogenic Os with 2 Ga model ages was interpreted as indicating previous melt extraction events. Other isotopic studies of peridotites have also found evidence for pre-existing isotopic depletion due to ancient melt extraction in the mantle (Harvey et al., 2006; Malaviarachchi et al., 2008; Warren and Shirey, 2012) . The extent of melting calculated in this study most likely reflects the combined effects of previous melting at an ancient ridge and subsequent melting of the infertile mantle, resulting in production of thin crust at the modern Gakkel Ridge. Not all Gakkel peridotites require previous melting events based on geochemical evidence, indicating that the Gakkel mantle consists of fertile regions coexisting with more infertile components.
Length-scales of compositional variability
Underneath the ridge axis, different extents of melting can occur due to either thermal or compositional variations in the mantle. Our results demonstrate different amounts of melting among peridotites from the same dredge and among dredges in close proximity to each other (<100 km). Within a single dredge (D40), four peridotite samples have trace element concentrations that indicate a range in degree of melting of 11 to !13%. Similarly, the chemistries of peridotites from dredges 246 and 238 suggest 7% and 4% melting, even though they are $60 km apart. Variation in basalt chemistry among global ridges have been attributed to large scale differences in mantle potential temperature (Klein and Langmuir, 1987; Dalton et al., 2014) . Mantle temperature variations result in crossing of the mantle solidus at different depths during upwelling, which causes variation in the extent of melting. However, the observed Gakkel geochemical variability occurs at length-scales that are too short to be thermally driven, if thermal anomalies are assumed to originate deep in the mantle, for example at the core-mantle boundary.
To assess the length-scales for diffusive thermal homogenization, the approximation x ¼ ffiffiffiffi at p is used, where x is distance, a is the thermal diffusivity constant taken as 10 À6 m 2 /s (e.g., Horai and Susaki, 1989; Gibert, 2003) , and t is time. The results of this calculation show that in 1 Ma, a thermal anomaly would not persist over an area >6 km, which is greater than the distance covered by an individual dredge haul (typically <1 km). In contrast, thermal variations at >200 km scale would be preserved for (Hart and Dunn, 1993; Kelemen et al., 1993) . The values for Ba and Hf are derived from experimental values for D K and D
Zr
, respectively (Kelemen et al., 2003) . Seyler et al. (2011 ), Warren et al. (2009 ), and Le Roux et al. (2014 .
1 Ga, implying that large length-scale temperature variations can occur beneath mid-ocean ridges, in agreement with the recent results of Dalton et al. (2014) . Hence, we conclude that implied differences in melting extents within and between dredges at the <100 km scale are not driven by thermal anomalies, as these would equilibrate in $10-100 Ma, about the timescale of ridge processes. Instead, compositional variations at small spatial length-scales must reflect interactions with infiltrating melt, possibly overprinted on pre-existing compositional variations. At Gakkel, the group of harzburgites with refractory compositions must be a consequence of ancient melt extraction in the mantle. However, the trace element geochemistry of Gakkel harzburgites, particularly their relatively high LREE/HREE ratios, also requires refertilization by an infiltrating melt. Next, we discuss the role of migrating melts in an open-system, which can create small lengthscale geochemical variation. Refertilization of previously melted mantle has been used to explain trace element and isotopic variations observed in orogenic massifs such as Lherz (Le Roux et al., 2007) , Horoman (Saal et al., 2001) , Ronda (Lenoir et al., 2001) and Lanzo (Mü ntener et al., 2004) and in abyssal peridotites from the MAR (e.g., Brunelli et al., 2006; Godard et al., 2008) and SWIR (e.g., (Seyler et al., 2004; Warren et al., 2009; Seyler et al., 2011; Brunelli et al., 2014) .
Fractional-vs. other forms of open-system melting
Fractional melting models assume that melt is instantaneously removed from the residue without interacting with the mantle. In Section 5.3, trace element variations in Gakkel lherzolites were successfully modeled by different degrees of non-modal fractional melting. In contrast, Gakkel harzburgites with the most refractory compositions (e.g. spinel Cr# = 45 À 56, Fig. 3 ) have LREE concentrations ((La) N = 0.06 À 0.18) that are not depleted enough to be explained by fractional melting alone. In Fig. 11 , the variation in (La/Yb) N as a function of Yb N provides a representation of the significant change in slope of REE patterns among our sample set. The elevated La/Yb ratios of the harzburgites supports the theory that mantle melting is often better represented as an open-system process whereby (Workman and Hart, 2005) . Partition coefficients are from Kelemen et al. (2003) and melting reaction modes are from Kinzler (1997) . Gakkel bulk rock compositions were calculated from mineral modes and trace element concentrations measured in Cpx and Opx and calculated in olivine. migrating melts chemically interact with the melting peridotite (Johnson and Dick, 1992; Ozawa and Shimizu, 1995; Godard et al., 2000; Brunelli et al., 2014) .
Open-system melting involves many variables, including source composition, melt composition, melt-rock ratio, and melt addition rate (e.g., Navon and Stolper, 1987; Spiegelman, 1996; Vernières et al., 1997; Zou, 1998; Shaw, 2000; Brunelli et al., 2014) . Recent modeling by Brunelli et al. (2014) reviewed the influence of these various parameters on REE concentrations. Their results show that REE patterns that cannot be generated by fractional melting alone can be reproduced by incremental open-system melting with the influx of relatively enriched melts. In this study, open-system melting provides a reasonable explanation for the LREE enrichment observed in Gakkel harzburgites (Fig. 11) . Fractional partial melting fits the two least depleted harzburgites (PS59-246-01 and PS59-317-6). However, all other harzburgites form a distinct group with enrichment in LREE -shown by high (La/Yb) N -and depletion in HREE -shown by low (Yb) N . This trend of increasing LREE and decreasing HREE is observed in open-system melting models (e.g., Godard et al., 2008; Brunelli et al., 2014) . Hence, we propose that LREE enrichement observed in Gakkel harzburgites are a result of open-system melting and we investigate the nature of the infiltrating melts in the next section.
Nature of the interacting melt
Gakkel peridotites show other evidence for melt-rock reaction, in addition to elevated LREE concentrations among harzburgites. Petrographic evidence for refertilization and inefficiently extracted melts at shallow depths include the occurrence of spinel-orthopyroxene symplectites (HLY0102-92-36; Fig. 2E and 2F) . Symplectites have been observed in ophiolites, where they have been related to melt addition to the peridotite (e.g., Rampone, 1997; Piccardo et al., 2007; Suhr et al., 2008; Marchesi et al., 2013) . Symplectites have also been observed in abyssal peridotites in relation to melt-rock interaction (Morishita et al., 2007; Seyler et al., 2007) , although less systematically documented. Gakkel symplectite microstructures are comparable to harzburgites from the MAR Fifteen-Twenty Fracture Zone (Seyler et al., 2007) , particularly group 1 symplectites, which are suggested to have formed when melt surrounding Opx reacted to precipitate spinel and Cpx (Suhr et al., 2008) . The melts that impregnated the Gakkel mantle could have failed to escape due to the thick lithospheric lid, similar to observations in abyssal peridotites at slow spreading mid-ocean ridges (e.g., Dick, 1989) . The trace element composition of harzburgite sample PS59-201-39 provides further evidence for melt refertilization of the Gakkel lithospheric mantle. Evidence for melt infiltration in this sample is indicated by the distinct Cpx REE pattern consisting of LREE>HREE, an uncommon observation in abyssal peridotites (Fig. 5) . From the same dredge, a second harzburgite sample, PS59-201-40, has a REE pattern similar to all of our other harzburgites (Fig. 4) . In contrast, sample PS59-201-39 shows an extreme enrichment in LREEs ((La/Yb) N = 1.34). This type of REE pattern has been documented in two other Gakkel harzburgites (Fig. 5) , which are also from the SMZ (D39 and D249) by Hellebrand et al. (2005) . In the Indian Ocean, similar LREE enriched patterns have been observed in Cpx from a harzburgite (Hellebrand et al., 2002b ) and a lherzolite (Seyler et al., 2011) . In the Hellebrand et al. (2002b) study, the REE pattern was reproduced by modeling the entrapment of a small amount of refractory melt. In contrast, the lherzolite from the Seyler et al. (2011) study was modeled by open-system melting involving a highly enriched melt from a garnet-bearing source (Brunelli et al., 2014) . Results of these two studies indicate the significance of the refertilizing melt composition.
To explore the nature of the infiltrating melt in our Gakkel harzburgite (PS59-201-39), we first created a harzburgitic starting composition by running the non-modal fractional melting model to 10% fractional melting. We then allowed the melt compositions of Brunelli et al. (2014;  see Appendix C for the melt compositions) to crystallize in the peridotite, using the equations of Hellebrand et al. (2002b) to calculate Cpx compositions after trapping 0.001 -15% melt (Fig. 12) . Our results show that the concave-down Cpx pattern can be accounted for by entrapment of 0.1% of an enriched melt derived from either the spinel-field (Fig. 12C ) or garnet-field (Fig. 12D ). In addition, our modeling demonstrates that trapping a depleted partial melt (Fig. 12A ) or a MORB melt (Fig. 12B ) cannot explain sample PS59-201-39. We conclude that complex melt-rock interaction processes operate at short length-scales at Gakkel, creating sub-meter to kilometer scale heterogeneities in the lithospheric mantle. This implies that, despite the occurrence of refractory harzburgites in the region of dredge 201, a more fertile mantle component is also present.
Thermal models of low spreading-rate ridges predict the formation of crust-mantle mix zones when melts become trapped in the mantle (e.g., Bown and White, 1994; Sleep and Barth, 1997; Sleep and Warren, 2014) . Melt freezing within the mantle produces a compositional mixture that can explain intermediate seismic velocities below the Moho (Jokat et al., 2003; Lizarralde et al., 2004; Conley and Dunn, 2011 ). Our observations demonstrate an enriched melt infiltrated, reacted and became trapped within residues at Gakkel Ridge in the SMZ, suggesting that the system is avolcanic, not amagmatic.
CONCLUSION
In this study, abyssal peridotite major and trace element compositions were measured in order to constrain mantle melting and composition beneath the Gakkel Ridge. Peridotites range from lherzolites to refractory harzburgites that are variably depleted in major and trace elements. Clinopyroxene and orthopyroxene compositions were used to calculate temperatures using the REEin-pyroxene thermometer. Calculated temperatures >1350°C generally correspond to LREE enriched Gakkel harzburgites and are not interpreted as reflecting real temperatures. In contrast, the remainder of the Gakkel samples yield REE closure temperatures in the range of $1100-1300°C.
Trace element modeling of the peridotites indicates varying extents of mantle melting, both within and between dredges. The high degree of partial melting modeled by peridotite geochemistry implies crustal thicknesses that are inconsistent with the thin crust observed seismically at Gakkel Ridge. In addition, geochemical variability occurs at length-scales that are too short to be thermally driven. Instead, we interpret the compositional range of Gakkel peridotites to indicate prior melting event(s) that created pre-existing compositional heterogeneity in the mantle source, along with recent melts that became trapped in the Gakkel mantle. These processes are particularly evident along the SMZ, where LREE enrichments in refractory harzburgites require both ancient melting and later melt addition. In addition, an unusual REE pattern in sample PS59-201-39 suggests crystallization of an enriched melt derived from either the spinel-or garnet-field. This demonstrates that more fertile mantle components are present and co-existing with infertile components in the Gakkel mantle. Overall, the compositional range of Gakkel samples from harzburgite to lherzolite, with geochemical variability at short length-scales, suggests that the Gakkel mantle is the consequence of inherited melt depletion and later refertilization. Initial residual Cpx composition was calculated from 10% non-modal fractional melting from model in Fig. 8 . Initial modes of depleted mantle composition from Hellebrand et al. (2002b) . Melt compositions are from Brunelli et al. (2014) in Table 1 .
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